Chronic lymphocytic leukemia (CLL) represents 30% of adult leukemia and is an incurable B-cell malignancy. Malignant CLL cells use a limited repertoire of immunoglobulin heavy and light chain genes to manufacture their BCRs, [1] [2] [3] and are very responsive to in vitro anti-IgM stimulation. 4, 5 Thus, Ag stimulation has been proposed to drive malignant progression of CLL.
Introduction
Chronic lymphocytic leukemia (CLL) represents 30% of adult leukemia and is an incurable B-cell malignancy. Malignant CLL cells use a limited repertoire of immunoglobulin heavy and light chain genes to manufacture their BCRs, [1] [2] [3] and are very responsive to in vitro anti-IgM stimulation. 4, 5 Thus, Ag stimulation has been proposed to drive malignant progression of CLL.
The functions of the endoplasmic reticulum (ER) and its associated molecules in CLL have not attracted extensive investigative efforts because CLL cells do not exhibit a readily prominent ER structure like professional secretory cells. Although no protein Ag has been shown to drive malignant progression of CLL in vivo, exposure to Toll-like receptor ligands activates CLL cells, allowing rapid proliferation, 6 ,7 a cellular process accompanied by robust production and folding of membrane receptors and secretory proteins in the ER. We hypothesize that the ER may play an important role in malignant progression of CLL. First, electron microscopy examinations of human CLL cells showed clear ER expansions and immunoglobulin staining in the ER. [8] [9] [10] Second, treatments that target ER-Golgi protein transport or inhibit BiP (HSP70 in the ER) and GRP94 (HSP90 in the ER) can sensitize CLL cells to drug-induced apoptosis. 9, 11, 12 The IRE-1/XBP-1 pathway is activated in response to stress conditions like proteotoxicity or hypoxia in the ER, but it also plays important roles in maintaining basal cellular functions. 13, 14 IRE-1 is an ER-resident transmembrane protein that contains a stress sensor domain in the lumen of the ER, and a serine/threonine kinase domain linked to an RNase domain in the cytoplasm. On stress conditions, IRE-1 oligomerizes via its luminal domains in the ER, bringing together the cytoplasmic kinase domains which can undergo autophosphorylation and up-regulate IRE-1's RNase activity. The IRE-1 RNase then splices 26 nucleotides from the mature XBP-1 mRNA, allowing the spliced XBP-1 mRNA to encode the functional 54-kDa transcription factor XBP-1. [15] [16] [17] XBP-1 regulates a panel of important genes 18 and can crosstalk with other B-cell transcription factors, such as IRF4 and Blimp-1. 19 Overexpression of XBP-1 in B cells has been shown to cause monoclonal gammopathy of undetermined significance, a precursor condition for multiple myeloma. 20 Here, we investigate the roles of the ER stress response in the E-TCL1 CLL mouse model, in which the TCL1 gene is under the control of the immunoglobulin heavy chain promoter/enhancer driving TCL1 overexpression in B cells. 21 TCL1 is expressed in ϳ 90% human CLL patients, 22 and its overexpression is associated with strong BCR signaling, 23, 24 allowing malignant CLL cells to undergo high-rate proliferation. E-TCL1 mice initially develop a preleukemic state with clear CD5 ϩ IgM ϩ B-cell characteristics in the blood, spleen, lymph nodes, and bone marrow, and slowly progress to the full-blown monoclonal CLL stage with all clinical features of aggressive human CLL. 21, 25 Similar to human patients with aggressive CLL, E-TCL1 mice initially respond to fludarabine (a purine analog that inhibits DNA synthesis), but quickly develop resistance and eventually die from leukemia. 26 These features prompted us to use E-TCL1 CLL cells to study the contribution of the ER stress response to malignant progression of CLL.
Methods
Mice E-TCL1 21 and S Ϫ/Ϫ27 mice were maintained at our animal facility abiding by the guidelines provided by the University of South Florida and the H. Lee Moffitt Cancer Center Committees on Animal Care.
Immunofluorescent staining and flow cytometric analysis of mouse PBMCs
Peripheral blood mononuclear cells (PBMCs) were nonlethally obtained from mice after the submandibular bleed and RBC lysis (QIAGEN). Nonspecific staining was first blocked for 30 minutes at 4°C with 300 L of FBS per 1.0 ϫ 10 6 cells. Cell-surface staining was accomplished by 30-minute incubation at 4°C with 1 L per 1.0 ϫ 10 6 cells of the following anti-mouse Abs: B220-Alexa 488, CD19-allophycocyanin-Cy7 (BD Pharmingen), IgM-Alexa 568 (Invitrogen), CD5-allophycocyanin (eBioscience), and CD138-PE (BD Pharmingen). Viability staining was accomplished using 4Ј,6-diamidino-2-phenylindole (DAPI) exclusion (10 g/mL; 200 L/1 ϫ 10 6 cells) during acquisition. Apoptotic cells were detected by annexin V-PE staining (BD Pharmingen). Acquisition of B-cell and CLL cell populations was performed on a LSRII cytometer (BD Biosciences) harboring a custom configuration for the H. Lee Moffitt Cancer Center & Research Institute. Mid-range Spherotech FL1 fluorescent rainbow beads (BD Biosciences) were used to maintain consistent gains for all parameters across time points. Analysis of cytometry data was achieved using FlowJo software (Version 7.6.1; TreeStar Inc).
Abs and reagents
Polyclonal Abs against Ig␣, Ig␤, Derlin-1, Derlin-2, BiP, class I MHC, and protein disulfide isomerase (PDI) were generated in rabbits. Abs to TCL1 (Cell Signaling Technology), IRE-1 (Cell Signaling Technology), XBP-1 (Santa Cruz), Blimp-1 (Santa Cruz), IRF4 (Cell Signaling Technology), Pax5 (Santa Cruz), Syk (Cell Signaling Technology), phospho-Syk (Tyr525/ 526; Cell Signaling Technology), AKT (Cell Signaling Technology), phospho-AKT (Ser473; Invitrogen), ERK1/2 (Cell Signaling Technology), phospho-ERK1/2 (Thr202/Tyr204; Cell Signaling Technology), GRP94 (Stressgen), calreticulin (Stressgen), calnexin (Stressgen), phospho-eIF2␣ (Ser51; Cell Signaling Technology), eIF2␣ (Cell Signaling Technology), HSP70 (Stressgen), p97 (Fitzgerald), CHOP (Cell Signaling Technology), actin (Sigma-Aldrich), activation-induced cytidine deaminase (AID; Cell Signaling Technology), phospho-Ig␣ (Tyr182; Cell Signaling Technology), (SouthernBiotech), and (SouthernBiotech) were obtained commercially. LPS and fludarabine were procured from Sigma-Aldrich. Tunicamycin and thapsigargin were purchased from Enzo Life Sciences.
Cell culture
B lymphocytes, S Ϫ/Ϫ B cells, and E-TCL1 CLL cells were purified from mouse spleens by negative selection using anti-CD43 magnetic beads (Miltenyi Biotec). Primary human CLL cells were obtained from consented patients at the Moffitt Cancer Center by J.A.P.-I. following the guidelines of the institutional review board in accordance with the Declaration of Helsinki. These cells as well as the 3 human CLL cell lines, MEC1, MEC2 and WaC3, and 1 mouse multiple myeloma cell line, 5TGM1, were all cultured in the RPMI 1640 media (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2mM L-glutamine, 100 U/mL penicillin G sodium, 100 g/mL streptomycin sulfate, 1mM sodium pyruvate, 0.1mM nonessential amino acids, and 0.1mM ␤-mercaptoethanol (␤-ME).
Protein isolation and immunoblotting
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor cocktail (Roche). The protein concentrations of the supernatants were determined by BCA assay (Pierce). Samples were boiled in SDS-PAGE sample buffer with ␤-ME and separated by SDS-PAGE. Proteins were transferred to nitrocellulose membranes, blocked in 5% milk, and immunoblotted with the indicated Abs and appropriate horseradish peroxidase-conjugated secondary Abs. After multiple washes in PBS, the blots were developed using Western Lighting Chemiluminescence Reagent (PerkinElmer).
Reverse transcription and polymerase chain reaction
Total RNA was isolated using TRIzol reagent (Invitrogen). Complementary DNA was synthesized from RNA using Superscript II reverse transcriptase (Invitrogen). The following sets of primers were used together with Platinum Taq DNA polymerase (Invitrogen) in polymerase chain reaction (PCR) to detect the expression of: human XBP-1 (GAGTTAAGACAG-CGCTTGGG and ACTGGGTCCAAGTTGTCCAG); human GAPDH (GGATGATGTTCTGGAGAGCC and CATCACCATCTTCCAGGAGC); human actin (CTGAGCGTGGCTACTCCTTC and GGCATACAGGTC-CTTCCTGA); mouse XBP-1 (GATCCTGACGAGGTTCCAGA and ACA-GGGTCCAACTTGTCCAG); and mouse actin (AGCCATGTACGTAGC-CATCC and CTCTCAGCTGTGGTGGTGAA).
BCR activation and phosphorylation assay
Wild-type mouse B cells and E-TCL1 CLL cells were suspended in RPMI 1640 serum-free media supplemented with 25mM Hepes, stimulated with F(abЈ) 2 fragments of the goat anti-mouse IgM Ab (20 g/mL; SouthernBiotech) for 2 minutes, and lysed immediately by adding ice-cold lysis buffer (50mM Tris-HCl, pH 8.0; 150mM NaCl; 1% Triton X-100; 1mM EDTA) supplemented with protease inhibitor cocktail (Roche), 4mM sodium pyrophosphate, 2mM sodium vanadate, and 10mM sodium fluoride. The lysates were analyzed by SDS-PAGE. Phosphorylated proteins of interest were detected by immunoblots using phospho-specific Abs.
Pulse-chase experiments, immunoprecipitation, protein deglycosylation, and SDS-PAGE B cells or CLL cells were starved in methionine-and cysteine-free media containing dialyzed serum for 1 hour, then pulse-labeled with 250 Ci/mL [ 35 S]-methionine and [ 35 S]-cysteine (PerkinElmer) for 15 minutes. After labeling, cells were incubated in chase medium containing unlabeled methionine (2.5mM) and cysteine (0.5mM). At the end of each chase interval, cells were lysed in RIPA buffer containing protease inhibitors. Precleared lysates were incubated with a primary Ab and protein G-agarose beads (Sigma-Aldrich). Bead-bound proteins were eluted using glycoprotein denaturing buffer (0.5% SDS, 1% ␤-ME) or reducing Laemmli SDS-PAGE sample buffer. Enzymatic deglycosylation of proteins was achieved by denaturation of the immunoprecipitates in glycoprotein denaturing buffer at 95°C for 5 minutes, followed by addition of sodium citrate (pH 5.5) to a final concentration of 50mM, and incubated with Endo H (New England Biolabs) at 37°C for 2 hours. Alternatively, sodium phosphate (pH 7.5) and NP-40 were added to the denatured cell lysates to a final concentration of 50mM and 1%, respectively, and the mixture was incubated with PNGase F (New England Biolabs) at 37°C for 2 hours. Protein samples were then analyzed by SDS-PAGE followed by fluorography.
Chemical synthesis and characterization of the IRE-1 inhibitors
STF-083010 and B-A05 were synthesized in-house from commercially available reagents as described in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). STF-083010 stability studies were performed using analytical reverse-phase high-pressure liquid chromatography (RP-HPLC) with a C 18 column (4 mm ϫ 150 mm) and a 10%-90% linear gradient of acetonitrile in water (containing 0.1% formic acid) as eluent more than 20 minutes (1 mL/min flow rate). Compounds were detected at ϭ 254 nm. Crystalline STF-083010 was analyzed on a standard Bruker X8 Apex2 CCD-based x-ray diffractometer, and the solid-state structure was solved and refined with the Bruker SHELXTL (Version 6.12) software package. Diffraction data (excluding structure factors) for STF-083010 have been deposited with the Cambridge Crystallographic Data Center as supplementary CCDC publication number 850879.
Cell-proliferation assays
E-TCL1, MEC1, MEC2, WaC3, or primary human CLL cells were grown in 96-well cell-culture plates overnight and then treated with fresh phenol red-free culture medium containing STF-083010 (50M), A-I06 (50M), A-I07 (50M), or fludarabine (30M). Every 24th hour, cells were spun down and proliferative capabilities were assessed by XTT assays (Roche) according to the manufacturer's instructions. Briefly, 50 L of XTT labeling reagent was combined with 1 L of electron-coupling reagent, and the mixture was applied to each well of the 96-well plates. The test was based on cleavage of the yellow tetrazolium salt XTT by mitochondrial dehydrogenases of the metabolic active cells to form the orange formazan compound, which can be spectrophotometrically quantified at 492 nm using a BioTek microplate reader.
In vivo treatment of mouse CLL with A-I06
Older E-TCL1 mice (age Ͼ 8 months) with high CLL burden in the peripheral blood were identified by examining the percentage of CLL cells in PBMCs. These mice then received intraperitoneal injections with A-I06 (60 mg/kg) dissolved in Cremophor ELP (vehicle; Sigma-Aldrich). The progression of CLL was monitored by flow cytofluorometry.
Results

Prolonged TCL1 expression causes a reduced expression level of AKT
To monitor malignant progression of CLL in E-TCL1 mice, we took mice of different ages (ranging from 6-weeks to 8-months old) and immunostained purified PBMCs using fluorescent Abs against mouse CD19, IgM, B220, and CD5. We analyzed B220 ϩ /CD5 ϩ CLL cells on gated CD19 ϩ /IgM ϩ B-cell populations of E-TCL1 mice ( Figure 1A ), and confirmed that increased numbers of CLL cells are positively correlated to the age of E-TCL1 mice when compared with PBMCs or peripheral B cells ( Figure 1B-C) . 21 To purify CLL cells, we killed 8-month-old E-TCL1 mice with clear CLL presentation, and purified CLL cells from spleens by staining splenocytes with CD43 MicroBeads and performing negative selection using MACS columns. We consistently obtained a cell population containing ϳ 90% CD5 ϩ CLL cells from spleens of 8-month-old E-TCL1 mice ( Figure 1D ). We also performed exactly the same purification using 6-week-old E-TCL1 mice, and obtained a precancerous B-cell population containing consistently Ͻ 1% CD5 ϩ cells. By immunoblots, we found both precancerous E-TCL1 B cells and CLL cells express abundant TCL1 proteins, encoded from the E-TCL1 transgene. Although TCL1 is believed to function via AKT to promote CLL formation, 28, 29 prolonged TCL1 expression leads to a decreased expression of 
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Prolonged TCL1 expression leads to up-regulated levels of the ER stress-response molecules
Because of the lack of suitable protein Ag to stimulate polyclonal E-TCL1 CLL cells in vitro, we examined the expression of ER stress-response molecules in CD5 Ϫ precancerous and CD5 ϩ cancerous E-TCL1 B cells stimulated with lipopolysaccharides (LPS) for a course of 3 days. We investigated the expression of IRE-1, XBP-1, Derlin proteins, BiP, GRP94, PDI (which catalyzes disulfide formation), eukaryotic initiation factor 2␣ (eIF2␣; whose phosphorylation inhibits protein synthesis to relieve ER stress), calnexin and calreticulin, all of which are ER stress-response molecules. We found that the expression pattern of most ER proteins in precancerous E-TCL1 B cells from 6-week-old mice is comparable with that of B cells purified from age-matched wild-type mice. One exception is the early onset of XBP-1 protein expression in precancerous E-TCL1 B cells as a response to LPS stimulation ( Figure 2A ). We then compared E-TCL1 CLL cells from 8-month-old mice with normal B cells from age-matched wild-type mice. Even before LPS stimulation, E-TCL1 CLL cells already expressed XBP-1, Derlin-1, Derlin-2, BiP, GRP94, PDI, and phospho-eIF2␣ at significantly higher levels than their wildtype counterparts ( Figure 2B ). Stimulation with LPS allows us to detect striking differences in the expression of IRE-1, XBP-1, Derlin-1, and Derlin-2 ( Figure 2B ). Little change in the expression of eIF2␣, calnexin, and calreticulin was observed even when E-TCL1 CLL cells were stimulated with LPS. We did not detect any difference in the expression of p97 (also known as AAAATPase) and HSP70 in the cytoplasm ( Figure 2B ). While some wild-type B cells expressed the C/EBP-homologous protein (CHOP; which mediates apoptosis during ER stress) after cultured in LPS for 2 days, precancerous E-TCL1 B cells and E-TCL1 CLL cells did not express CHOP (Figure 2A-B) . All of these data support that E-TCL1 CLL cells respond to LPS by up-regulating (A) CD5 Ϫ /B220 ϩ B cells purified from 6-week-old wild-type and E-TCL1 mice were stimulated with LPS for a course of 3 days, and lysed for analysis by immunoblots for indicated proteins. Results shown in each immunoblot are representative of 3 independent experiments. For each experiment, CD5 Ϫ /B220 ϩ wild-type and E-TCL1 B cells were purified and pooled from at least 2 mouse spleens. (B) CD5 Ϫ /B220 ϩ B cells purified from 8-month-old wild-type mice and CD5 ϩ /B220 ϩ CLL cells from 8-month-old E-TCL1 mice were stimulated by LPS for 3 days and lysed for analysis by immunoblots for indicated proteins. Results shown in each immunoblot are representative of 3 independent experiments. For each experiment, CD5 Ϫ /B220 ϩ wild-type B cells and CD5 ϩ /B220 ϩ CLL cells were purified and pooled from at least 2 mouse spleens. (C) Association of TCL1 with XBP-1. CD5 Ϫ /B220 ϩ B cells purified from 8-month-old wild-type mice and CD5 ϩ /B220 ϩ CLL cells from 8-monthold E-TCL1 mice were stimulated by LPS for 3 days and lysed for analysis by immunoblots for TCL1, XBP-1, p97, and actin. The anti-XBP-1 Ab was used to perform immunoprecipitations from the same lysates, and the immunoprecipitates were analyzed for the presence of TCL1 (top panel). Results shown in each immunoblot are representative of 3 independent experiments. For each experiment, CD5 Ϫ /B220 ϩ wild-type B cells and CD5 ϩ /B220 ϩ CLL cells were purified and pooled from at least 2 mouse spleens. (D) Human CLL cell lines (MEC1, MEC2, and WaC3) and freshly purified primary human CLL cells from 2 clinical patients (patient 1 and patient 2) were analyzed by immunoblots for the expression of indicated proteins. Unspliced and spliced forms of human XBP-1 mRNA (XBP-1u and XBP-1s, respectively), and human GAPDH mRNA were detected by reverse transcription followed by PCR using specific primers. Results are representative of 3 independent experiments.
the ER stress response to sustain robust proliferation (supplemental Figure 2A) . Different from LPS, pharmacologic ER stress inducers like thapsigargin (Tg) and tunicamycin (Tu) do not promote E-TCL1 CLL cell growth or elicit activation of the IRE-1/XBP-1 pathway of the ER stress response (supplemental Figure 2A-B) .
To establish a link between TCL1 and activation of the ER stress response, we hypothesized that TCL1 may associate with XBP-1 to up-regulate the expression of chaperones at the transcriptional level. We discovered TCL1 in the immunoprecipitates retrieved from lysates of LPS-stimulated E-TCL1 CLL cells using an anti-XBP-1 Ab ( Figure 2C ). The mRNA levels of total XBP-1, spliced XBP-1, Derlin-1, Derlin-2, Derlin-3, BiP, PDI, and GRP94 were all significantly elevated in LPS-stimulated E-TCL1 CLL cells when compared with those in LPS-stimulated wild-type B cells (supplemental Figure 3) .
To establish relevance, IRE-1, XBP-1, Derlin-1, and Derlin-2 were found expressed in human CLL cell lines (MEC1, MEC2, and WaC3) and primary CLL cells freshly isolated from 2 patients ( Figure 2D) , with constitutively phosphorylated IRE-1 observed in WaC3 and the 2 primary human CLL cells ( Figure 2D ). TCL1 is expressed in primary human CLL cells, consistent with reported observations 22 (also see "Discussion").
Overexpression of TCL1 results in dysregulated expression of B-cell transcription factors and AID
TCL1 is a transcriptional regulator, and its overexpression causes an earlier and elevated expression of XBP-1 (Figures 2A-B, 3) . Because TCL1 can associate with the XBP-1 transcription factor ( Figure 2C ), we examined how other transcription factors crucial for B cells would respond to TCL1 overexpression as the expression of transcription factors in B cells is tightly regulated. 19 In precancerous E-TCL1 B cells stimulated with LPS, we found IRF4 and Blimp-1 expressed at decreased levels, and correspondingly, a persistent expression of the transcription suppressor Pax5 ( Figure 3A) . Such data suggest that a dysregulated B-cell differentiation exists in precancerous E-TCL1 B cells. In contrast, E-TCL1 CLL cells already express Pax5 at a decreased level ( Figure 3B ). On stimulation by LPS, the levels of Pax5 were further reduced, possibly causing IRF4 and Blimp-1 to express at significantly increased levels ( Figure 3B ). To link dysregulation of transcription factors to malignant progression of CLL, we showed a dramatic increase in the expression of AID ( Figure 3B ), which is directly regulated by IRF4. 30 Despite significantly elevated levels of XBP-1, IRF4, Blimp-1, and AID, E-TCL1 CLL cells do not acquire the CD138 ϩ immunophenotype like mouse 5TGM1 multiple myeloma cells (supplemental Figure 4) . The malignant features of CLL cells are manifest in their robust, constitutive BCR signaling. 31 A functional BCR consists of a membrane-bound IgM (mIgM) and a membrane-bound disulfidelinked Ig␣ and Ig␤ heterodimer. Both mIgM and Ig␣/Ig␤ are manufactured and assembled in the ER, and transported through the secretory pathway via the Golgi apparatus en route to the cell surface. Because the expression of XBP-1 plays such an important role in maintaining normal BCR signaling, 19 we used F(abЈ) 2 
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fragments from goat anti-mouse IgM Abs to crosslink and activate the BCR of LPS-stimulated E-TCL1 CLL cells, within which XBP-1 is overexpressed (Figures 2B, 3B) . Strikingly different from wild-type B cells, the BCR of LPS-stimulated E-TCL1 CLL cells is already conducting signal transduction even before stimulation with F(abЈ) 2 fragments, as we observed constitutive phosphorylation of Ig␣ and the Syk kinase ( Figure 4A ). On stimulation with F(abЈ) 2 fragments, BCR signal transduction in E-TCL1 CLL cells can be further strengthened to allow phosphorylation of 2 downstream kinases, ERK and AKT ( Figure 4A) . Notably, F(abЈ) 2 -mediated BCR signal transduction in E-TCL1 CLL cells is slightly weaker than that in wild-type B cells (Figure 4A ), possibly because of less unengaged BCR available for crosslinking.
To provide an explanation for constitutive activation of the BCR, we investigated how altered levels of ER stress-response proteins may have contributed to the synthesis, assembly, and trafficking of the BCR and other integral membrane and secretory proteins in E-TCL1 CLL cells. E-TCL1 CLL cells express more mIgM ( Figure 4B ). In addition, E-TCL1 CLL cells also synthesize and secrete more secretory IgM (sIgM; Figure 4B -D), as demonstrated by pulse-chase experiments in which we radiolabeled E-TCL1 CLL cells, chased with cold media to allow IgM to be secreted, and retrieved radiolabeled IgM from cell lysates and culture media using an anti-or an anti-Ab ( Figure 4C-D) . The light chains recovered from E-TCL1 CLL cells exhibit as a sharper band in the SDS-PAGE gel, suggesting that these CLL cells have undergone clonal selection to use a limited repertoire of chains for IgM assembly.
We also performed pulse-chase experiments to examine the expression and surface display of the Ig␣/Ig␤ heterodimer. Because Ig␤ is the limiting step for the heterodimer assembly in the ER, 19, 32 we retrieved the heterodimer from E-TCL1 CLL cell lysates using an anti-Ig␤ Ab. To reveal glycosylation status of Ig␣ and Ig␤, we treated the immunoprecipitated samples with endoglycosidase H (endo-H) to remove mannose glycans or with PNGase F to remove the entire N-linked glycans. We discovered that both Ig␣ and Ig␤ in E-TCL1 CLL cells are modified by distinctly different glycans when compared with those in wild-type B cells ( Figure  4E) . In E-TCL1 CLL cells, Ig␤ acquires significantly more complex glycans in the Golgi apparatus (thus moving slower in the SDS-PAGE gel), but its assembled partner Ig␣ only receives incomplete glycan modifications and thus still remains endo-Hsensitive ( Figure 4E ). We hypothesize that such distinct glycan modifications on Ig␣ and Ig␤ may contribute to a hyperresponsive BCR in CLL cells. Such altered glycan modifications seem restricted to the BCR as they do not occur to the heavy chain (HC) of class I MHC molecules ( Figure 4F ). Protein transportation in the secretory pathway is clearly unaltered, as evidenced by normal secretion of sIgM and normal surface display of Ig␣, Ig␤, and class I MHC molecules ( Figure 4C-F) .
A-I06, a specific inhibitor to the RNase activity of IRE-1, down-regulates the expression of XBP-1 and mimics XBP-1-deficient phenotypes in B cells
An inhibitor of IRE-1 RNase activity, STF-083010, was recently identified from a commercial screening library. 33 It shows promising effects in inhibiting proliferation of multiple myeloma without observed systemic toxicity in mice. We carried out the chemical synthesis of STF-083010 (supplemental Methods), and confirmed its structure using small-molecule x-ray diffraction ( Figure 5A ). While stable in crystalline form, we observed that stock solutions of STF-083010 in dimethyl sulfoxide (DMSO) readily hydrolyzed into precursors A-I06 and A-I07 after repeated freeze-thaw cycles. The instability of STF-083010 in aqueous conditions was confirmed by its complete decomposition on brief exposure to a 1:1 DMSO:water mixture ( Figure 5B ). We treated LPS-stimulated wild-type mouse B cells, LPS-stimulated mouse E-TCL1 CLL cells, and human WaC3 CLL cells with STF-083010, A-I06, or A-I07 using various regimens, and found STF-083010 and A-I06 suppress the expression of XBP-1 ( Figure 5C -D, supplemental Figure 5A ), as a result of inhibiting the splicing of XBP-1 mRNA by IRE-1 ( Figure 5E-F, supplemental Figure 5B,D,E). Chemical inhibition of XBP-1 by these IRE-1 inhibitors phenocopies XBP-1 deficiency introduced to B cells by gene deletion because the expression of IRE-1 is up-regulated at both protein and mRNA levels ( Figure 5C , supplemental Figure 5C ), and the synthesis of sIgM but not mIgM is inhibited by A-I06 ( Figure 5G ). 19 We then prepared a nonhydrolyzable version of STF-083010, B-A05, to test the possibility that a stabilized analog may also block IRE-1 RNase activity. In contrast to A-I06, B-A05 did not significantly alter XBP-1 expression (supplemental Figure 5G) . These data establish the use of A-I06 as a specific inhibitor of the IRE-1/XBP-1 pathway and suggest that A-I06 is responsible for the presumed activity of STF-083010 (during review of this manuscript, another group reported the same finding and proposed that A-I06 forms a stable Schiff base with Lys907 in the RNase domain of IRE-1 34 ).
As genetic ablation of XBP-1 does not affect secretion of sIgM and surface display of mIgM in B cells, 19 we wondered whether A-I06 would exert similar effects in B cells. To investigate the secretion of sIgM, we stimulated B cells with LPS for 2 days to allow the expression of sIgM, treated these B cells for additional 24 hours with A-I06 to inhibit the expression of XBP-1, performed pulse-chase experiments, and immunoprecipitated IgM from cell lysates and culture media using an anti-Ab. A-I06-treated B cells synthesize less sIgM, which can all be secreted into culture media ( Figure 6A-B) . Because mIgM and sIgM differ only in a short transmembrane domain, it is difficult to resolve them in the SDS-PAGE gel. To investigate the surface display of mIgM, we took advantage of S Ϫ/Ϫ B cells, which have been genetically manipulated to allow expression of only membrane-bound heavy chain. 27 In similar pulse-chase experiments, we found the surface display of mIgM is not affected by treatment with A-I06, as evidenced by successful acquisition of complex glycans on the heavy chain ( Figure 6C ). The A-I06-treated S Ϫ/Ϫ B cells also produce comparable amounts of membrane-bound chains and light chains, and the latter can be secreted into culture media ( Figure 6C-D) . Wild-type and S Ϫ/Ϫ B cells also synthesize and present class I MHC molecules to their surface when treated with A-I06 ( Figure 6E-F) .
Down-regulated expression of XBP-1 by A-I06 leads to apoptosis of CLL cells in culture and in mice
We determined a 50% growth inhibition concentration (GI50) of ϳ 50M for human WaC3 CLL cells treated with A-I06 (supplemental Figure 6A ). At 50M concentration, A-I06 and STF-083010 exert similar growth inhibitory effects in human CLL cells (supplemental Figure 6B) . When E-TCL1 CLL cells were treated with STF-083010 or A-I06, we observed ϳ 70% growth inhibition after 3 days ( Figure 7A ). Increased apoptosis was detected in E-TCL1 CLL cells exposed to 50M or 100M A-I06 for 24 hours (supplemental Figure 7) . Next, human MEC1, MEC2, and WaC3 CLL cell lines were treated with these compounds. MEC1 
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and MEC2 cells respond to STF-083010 or A-I06 with ϳ 20% growth inhibition in the first 48 hours; however, these cells eventually overcome the inhibitory effect of each compound ( Figure 7B-C) . In contrast, WaC3 cells respond to treatments with STF-083010 or A-I06 with gradually decreased growth ( Figure   7D ). This can be explained by the fact that WaC3 cells have already acquired a constitutively phosphorylated IRE-1 ( Figure 2D ). We further treated MEC1 cells with A-I06 in combination with fludarabine, a Food and Drug Administration-approved purine analog for clinical CLL treatments. A-I06 synergizes with fludarabine to elicit Simultaneously, these cells were treated with DMSO (control), STF-083010 (50M), A-I06 (50M), or A-I07 (50M) for 48 hours. Cells were lysed and analyzed for the expression of XBP-1, p97, and actin by immunoblots using specific Abs. Data shown in immunoblots are representative of 3 independent experiments. For each experiment, CLL cells were purified and pooled from 2 E-TCL1 mouse spleens. (E) CLL cells isolated from 8-month-old E-TCL1 mice were cultured in the presence of LPS. Simultaneously, these cells were treated with DMSO (control), STF-083010 (50M), A-I06 (50M), or A-I07 (50M) for 48 hours. Cells were lysed in TRIzol reagent to extract RNA. Unspliced and spliced forms of mouse XBP-1 mRNA, and mouse actin mRNA were detected by reverse transcription followed by PCR using specific primers. Results are representative of 3 independent experiments. For each experiment, CLL cells were purified and pooled from 2 E-TCL1 mouse spleens. (F) WaC3 cells were treated with DMSO (control), STF-083010 (50 M), A-I06 (50M), or A-I07 (50M) for 72 hours, and subsequently lysed for RNA extraction. Unspliced and spliced forms of human XBP-1 mRNA, and human actin mRNA were detected by reverse transcription followed by PCR using specific primers. Results are representative of 3 independent experiments. (G) Wild-type B cells were cultured in the presence of LPS and A-I06 (50M) for indicated times and lysed for analysis by immunoblots using Abs against heavy chain, p97 and actin. Data shown in immunoblots are representative of 3 independent experiments. For each experiment, wild-type B cells were purified and pooled from 2 mouse spleens.
a better growth inhibition effect on MEC1 cells ( Figure 7E ). Because primary human CLL cells expressed activated IRE-1 ( Figure 2D , supplemental Figure 8A ), we treated these cells with STF-083010, A-I06, or A-I07. STF-083010 and A-I06 exert a significant cytotoxic effect on primary human CLL cells by inducing apoptosis (Figure 7F -G, supplemental Figure 8B-J) .
To test whether the IRE-1 inhibitor can inhibit CLL cell growth in mice, we injected CLL-bearing E-TCL1 mice with A-I06, and observed reduced CLL burden during the course of treatment ( Figure 7H ). Such significant reduction in CLL burden can be explained by the increase of annexin V ϩ apoptotic CD5 ϩ /B220 ϩ CLL cells in A-I06-treated E-TCL1 mice ( Figure 7I -J right panels). Treatment with A-I06 does not induce CD5 Ϫ /B220 ϩ B cells to undergo apoptosis in E-TCL1 CLL mice ( Figure 7I -J middle panels).
Discussion
TCL1 is an oncoprotein contributing to the occurrence of T-cell prolymphocytic leukemia, as a result of chromosomal translocations and inversions at 14q31.2. 35 Although such a chromosomal defect is not found in CLL, TCL1 expresses in ϳ 90% human CLL patients 22 ( Figure 2D , supplemental Figure 8A ). Significantly, TCL1 overexpression alone can drive the formation of mouse CLL. 21 Abnormal epigenetic regulations may account for abnormal expression of TCL1. 36 The oncogenic effect of TCL1 has been long believed to be a result of AKT activation. TCL1 physically binds to AKT, enhances the activity of AKT in phosphorylating glycogen synthase kinase-3, and promotes transport of AKT to the nucleus, contributing to cell survival and rapid proliferation. 28 Our new data 
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BLOOD, 2 AUGUST 2012 ⅐ VOLUME 120, NUMBER 5 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From now reveal that TCL1 can contribute to activation of the ER stress response at the transcriptional level ( Figure 2B , supplemental Figure 3 ), possibly through its association with the transcription factor, XBP-1 ( Figure 2C ). The dysregulated expression of XBP-1 may disrupt normal crosstalk between transcription factors ( Figure  3) , and promote constitutively active BCR signal transduction , or A-I07 (50M) for a course of 3 or 4 days, and subjected to XTT assays at the end of each day. Percentages of growth were determined by comparing treated with untreated groups. Each data point derived from 4 independent groups receiving exactly the same treatment was plotted as mean Ϯ SD. (E) MEC1 cells were untreated or treated with A-I06 (50M), fludarabine (30M), or the combination of both for a course of 4 days, and subjected to XTT assays. Data derived from the same experimental settings were plotted as mean Ϯ SD. (F-G) Primary human CLL cells isolated from patient 1 and patient 2 were untreated or treated with STF-083010 (50M), A-I06 (50M), or A-I07 (50M) for a course of 3 days, and subjected to XTT assays. Data derived from the same experimental settings were plotted as mean Ϯ SD. Results are representative of 3 independent experiments. (H) E-TCL1 mice with high percentage of CLL cells in the peripheral blood were identified and injected intraperitoneally with vehicle (n ϭ 9) or A-I06 (60 mg/kg; n ϭ 5) on day 0, day 1, day 12 and day 13. The percentage of CLL cells in PBMCs for each mouse was determined by flow cytofluorometry on day 2, day 7, day 14, and day 21, and compared with the CLL burden data of the mouse on day 0 (100%). Data derived from multiple mice receiving exactly the same treatment were plotted as mean Ϯ SEM. (I) PBMCs isolated from E-TCL1 CLL mice injected with vehicle for 24 hours were stained with CD19-APC-Cy7, IgM-Alexa 568, CD5-APC, B220-Alexa 488, annexin V-PE, and DAPI. CD5 Ϫ /B220 ϩ B cells and CD5 ϩ /B220 ϩ CLL cells were analyzed on gated CD19 ϩ /IgM ϩ B-cell populations (left panel). CD5 Ϫ /B220 ϩ B cells and CD5 ϩ /B220 ϩ CLL cells were further gated, and analyzed for the presence of annexin V ϩ and DAPI ϩ populations (middle and right panels). Data are representative of 4 independent experiments. (J) PBMCs isolated from A-I06-injected E-TCL1 CLL mice were stained with CD19-APC-Cy7, IgM-Alexa 568, CD5-APC, B220-Alexa 488, annexin V-PE and DAPI. CD5 Ϫ /B220 ϩ B cells and CD5 ϩ /B220 ϩ CLL cells were analyzed on gated CD19 ϩ /IgM ϩ B-cell populations (left panel). CD5 Ϫ /B220 ϩ B cells and CD5 ϩ /B220 ϩ CLL cells were further gated, and analyzed for the presence of annexin V ϩ and DAPI ϩ populations (middle and right panels). Data are representative of 4 independent experiments.
( Figure 4A ). 19 All of these data help to explain why a TCL1-overexpressed B cell can turn into CLL.
The functional roles of the ER stress-response proteins in CLL have been largely overlooked because CLL cells do not develop a prominent ER structure like the plasma cell cancer, multiple myeloma. In this study, we demonstrated that the ER stress response is critical for the growth of mouse and human CLL. Because CLL cells are genetically heterogeneous, they are difficult to treat. However, they may all share the ER stress response as their critical survival mechanism, which can be targeted for therapy. Geldanamycin and herbimycin A were used as inhibitors for GRP94 to induce apoptosis in CLL cells, and they synergized with fludarabine or chlorambucil in killing CLL cells. 11 Downregulation of BiP by siRNA also induces apoptosis in CLL. 12 Although there is no precedent study on the expression of Derlin proteins in CLL cells ( Figure 2B,D) , Derlin-1 is overexpressed in many solid malignancies and is a potential molecular target for therapeutic intervention. 37 Our results now suggest that the IRE-1/ XBP-1 pathway is a promising target for CLL treatment ( TCL1 drives malignant progression of CLL via dysregulated expression of transcription factors and AID ( Figure 3B ). IRF4 alone can transform cells in vitro. 38 Although IRF4 is expressed in CLL, its contribution in patient survival outcome is unclear. Recent studies suggest a genetic variant of IRF4 common in CLL patients is associated with malignant progression of CLL. 39, 40 IRF4 can up-regulate the expression of Blimp-1 by binding to the promoter region and fourth intron of the Blimp-1 gene, and directly regulate the expression of AID. 30, 41, 42 AID performs somatic hypermutation and class switch recombination in immunoglobulin genes. Such processes, if not confined to immunoglobulin genes, can contribute to the formation of cancer. 43 Increased expression of AID is indeed found in malignant CLL cases. 44, 45 TCL1 expression is associated with active BCR signal transduction, 23, 24 which allows malignant CLL cells to sustain robust proliferation. 31 Targeting the BCR signaling pathway has been proposed as a therapeutic intervention for CLL. 46 In normal B cells, a functional BCR is composed of a mIgM and its associated disulfide-linked Ig␣/Ig␤ heterodimer. Both Ig␣ and Ig␤ contain the immunoreceptor tyrosine-based activation motifs, whose phosphorylation leads to activation of a series of downstream signaling cascades. CLL cells use similar BCR signaling pathways. 31 We now show that TCL1 overexpression allows CLL cells to express a distinct BCR. Increased expression of mIgM and altered glycosylated Ig␣ and Ig␤ ( Figure 4B ,E) may altogether contribute to the constitutively active BCR signal transduction in malignant CLL cells ( Figure 4A) .
Clinically, ϳ 90% of CLL cases express TCL1. 22 When we examined the expression of TCL1 in CLL cells from 10 human patients, we found that TCL1 is not expressed in CLL cells from patient 10 ( Figure 2D , supplemental Figure 8A ). In addition, TCL1 is also not expressed in MEC1, MEC2, and WaC3 cells, which clearly exhibit the ER stress response ( Figure 2D ). While the role of TCL1 in activation of the ER stress response has been established using E-TCL1 mice, the robust ER stress response found also in TCL1-null human CLL cells suggests that such activation can be achieved via other mechanisms. Interestingly, MEC1, MEC2, and WaC3 cells are all EBV-positive. 47, 48 EBV can activate the ER stress response in B cells. 49 
